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INTRODUCTION 
The source for lacto-se production in the United States is almost 
exclusively sweet (low acid) whey which is the byproduct of cheese 
manufacture. Its extraction from the whey is motivated largely by 
pressures to ut Hi ze whey components to advantage. The ability to 
re~over lactose efficiently is important to the manufacturers because 
they are in business ·to make a profit. At current market prices this 
profit margin will be difficult to realize unless an operation is 
fairly large a11d quite efficient. 
However, when considering the altern~tive of disposing of whey 
or its components, including lactose, as waste instead ·of attempting 
to find uses for them, the manufacturer has a few factors with which 
to contend. A major consideration is the environmental impaci of these 
products if discarded. Whey, the solids of which are primarily 
lactose, places a h;gh biochemical oxygen ~emand (BOD) upon any system 
into which it is introduced. It has been figured the BOD of whey is 
35,000 mg/liter in c~ntrast to only 200-250 mg/liter for domestic 
sewage (3). This means if a manufacturer chooses to dispose of the 
whey through the use of a municipal sewage treatment system he will 
pay dearly for this ·service. Treatment systems generally charge on 
usage rate and BOD loading, which would result in formidable costs 
to the manufacturer. Other methods of whey disposal such as lagooning, 
·irrigation, and feeding to livestock have their pros and cons which 
will not be discussed in depth here (16). 
In view of these facts, as means of economic practicality and 
public relations it is advantageous for the manufacturer to attempt 
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retrieval of some if not all the whey components. Public relations 
are involved because the public takes a dim view of the adverse 
environmental impact; moreover, consumers do not want to pay higher 
prices for the product or higher utili.ty costs. This could happen if 
the manufacturer did not attempt to derive a part of his profit 
ma~gin by recovering some of the w·hey components in salable -'form. 
Without an attempt at product recovery his cash flow would be all to 
the negative in paying for disposal without any return from sales of 
recovered products. The farmer producer should also be concerned 
with the manufacturer's profit margin because this margin largely 
determines the premium he will be paid for his milk. Plant management 
likely will be amenable to sharing profit with producers; they cannot 
share what they do not make. 
Up to this point there have been few if any studies attempting 
to correlate the effects of impurities, operating temperatures and 
conditions, and solution total solids level upon lactose crystalli-
zation in ultrafiltered whey permeates. Most studies on lactose 
crystallization have been performed under controlled laboratory 
conditions. The tendency in these experiments was to use purified 
lactose solutions of varying concentrations to study crystal growth. 
These studies have been done to observe the crystal structure, rate of 
formation, and effects of single impurities upon the crystal structure 
·(5,6,7,8,9,10,ll,12,13,14,18,23,24,25,29,32,33,34,36,37,38,40). How-
ever, those trials lacked in realistic relationship to actual manu-
facturing situations. It is necessary such types of basic study be 
performed for an understanding of the internal workings of the 
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situation, but the research has not been carried far enough to reach . 
conclusions which would ~e of benefit in applied industrial situations. 
This study was undertaken in an attempt to fill part of the gap in 
information on lactose crystall iza_tion as it occurs in industrial 
situations, by attempting to examine the effects of temperatures and 
solids (supersaturation) levels upon the sizes of crystals formed in 
ultrafiltered whey permeate solutions. This involved trying to combine 
the knowledge of various known effects into a single experiment and 
interpreting the outcome of the combined effects upon the crystal 
size and rate of growth to an industrially harvestable size. 
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LITERATURE REVIEW 
Factors Affecting Lactose· Crystallization 
To begin a study on lactose crystallization one must first have 
a ~ertain amount of background infonnation to understand the system. 
' . 
Lactose is by chemical definition a reducing disaccharide made up of 
two simple sugars, D-glucose and D-galactose, linked together by a 
/Jl-t4 glycosidic bond. It has a potentially free carbonyl group 
on the number one carbon of the glucose molecule. It is at this 
carbon atom that the forms of lactose are distinguished, dependent 
upon the location of the hydroxyl group (17) (Figure 1). The alpha 
and beta configurations .of l~ctose are easily distinguished by specific 
optical rotation, since the designation alpha is arbitrarily assigned 
to the form having the greater rotation in the dextro direction (22). 
Nonnally lactose is found in either of two crystalline forms, alpha-
hydrate or beta-anhydride, as well as an amorphous iglass' mixture . 
of the two forms (22)~ 
Generally in an -industrial recovery operation one is attempting 
to harvest the greatest percentage of the purest alpha-hydrate lactose 
possible. In doing so there are some principles which must be dealt 
with to promote this maximum harvest of alpha-hydrate lactose crystals. 
The kinetics of the mutarotation of the lactose in solution is one 
of these principles (4,12,22,34). Mutarotation is the change in 
optical rotation of the solution until equilibrium concentrations of 
alpha and beta forms are reached. Alpha-lactose has a specific optical 
rotation in water of [oe.] iio~ 89.4°, whereas the specific optical ro-
tation of the beta form is [o<] iio= 35.0° (2,11,22). When either form is 
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Figure 1. A lactose molecule. _ 
CH1 0H 
4 ·- o_ -//- D - galactopyranosyl - ·(1~4) -ft - D - glucopyranose, 
or galactose -,fl - 1~4 - glucose, 
or Lactose 
6 
p 
~ -
. placed into solution, mutarotation occurs until the solution is at 
equilibrium of [oc] iio= 55.3° specific optical rotation. This 
·corresponds to an equivalent of .37 .J% alpha form and 62.7% beta 
form present in the solution (2,4,5,9, ll, 12,22,25,27 ,28,34,39). 
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This equilibrium equivalent is figured into the equilibrium ratio of 
/)#.which is 1.68 at 20°C (22). This value varies slightly with 
temperature, with the proportion of alpha form present in solution 
increasing with the temperature and thereby causing a decrease in 
the value of the ratio. Just as the temperature causes a change in 
the equilibrium ratio; it also affects the rate at which a solution 
containing alpha or beta lactose mutarotates to equilibrium. With 
an increase in solution temperature of 10°C the rate of reaction 
was shown to increase 2.6 fold (4). Nickerson reported a 2.8 fold 
increase (22). This is because mutarotation is a first-order kin~tic 
reaction with the increase in the velocity constant independent of 
both the time of reaction and the concentration of the solution. 
Mutarotation is accelerated by temperatures up to about 75°C where 
the reaction becomes instantaneous (22). Mutarotation is also great-
ly controlled by the pH of the reaction solution, with a pH of 5.0 
causing the slowest rate for a lactose solution with increases 
occurring on either side of this point. Tweig and Nickerson (34) 
showed mutarotation was accelerated at low pH's. They found a pH 
of 1 to cause a greater acceleration of the rate than a pH of 4. 
The mutarotation of the molecules in a lactose solution is also 
influenced by impurities present in or introduced into the ·system. 
In a study with addition of acids, alcohols, and surfactants, Michaels 
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and Van Kreveld (18) determined acids influenced the mutarotation by 
accelerating it as the pH was lowered. However, this acceleration 
~as said to have only a slight ~ffect upon the crystal growth rate. 
When ethanol and methanol were added it was found the mutarotation 
was not affected as greatly as was the solubility of the lactose . . 
The alcohols depreised the solubility of the lactose, causing rapid 
crystallization in which mutarotation was said not to have an effect 
(7,18,25,29) .. Looking at alcohols in general, Nickerson and Lim {25) 
showed the moisture content of the alcohol had an effect upon the 
rate of mutarotation by slowing mutarotation with increases in 
moisture present in the alcohol. They also stated the conversion was 
slowed as the alcohol chain length was increased, especially in the 
presence of moisture ·(25). 
Looking into -the effects of surfactants other ·than alcohols, 
Michaels and Van Kreveld {18) did not perceive any significant 
changes in the mutarotation rate but did note changes in crystalliza-
tion rates. They explained the changes in crystallization rates by 
the following assumptions. 11 1) The surfactant is adsorbed at dis-
1 ocation centers on the crysta 1 faces, reducing their edge energy, 
pennitting a higher curvature of steps near a dislocation, thus 
favoring a more rapid step-generation rate. 
2) It retards step-propagation by adsorption on the crystal face" 
(18). Accordingly, at low additive concentrations, the surfactants' 
rate of adsorption is low compared with the rate of step-propagation, 
and the 'activation' of dislocation centers dominates, leading to 
accelerated growth. At higher additive concentrations the rate of 
· adsorption is more rapid in respect to step-propagation and step-
advancement rate is retarded, inhibitin.g crystal growth (18). 
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In studies of the effects of various salts upon the rate of 
mutarotation (4,5,8,9,10,14,18,33,35,36,40) it has been shown the 
ialts generally accelerate the rate of rotation, with beta being more 
rapidly converted than alpha to equilibrium. The rate constant 
obtained was 1.84 for alpha and 2.24 for beta in an artificial 
whey salt solution used by Haase and Nickerson (4). Although salts 
generally accelerate the mutarotation they have not been shown to 
increase the crystallization rates due to. varying concentrations 
of the salts in the solutions. Khramtsov et.al. (15} concluded whey 
containing greater than 0.5% NaCl is unsuitable for lactose 
manufacture because _of -inhibitory effects of the salt. 
In consideration of the effects of mutarotation rate upon the 
crystallization rate, Haase and Nickerson (5) concluded the crystal-
lization rate was always lower than the mutarotation rate, thereby 
showing mutarotation is not a limiting factor in the crystallization 
of lactose. Visser (38) felt the mutarotation rate can be a limiting 
factor in crystallization when certain conditions are present. He 
said when the temperatur.e is very low, the pH of the solution is around 
5.0, and there is a very high surface area present, the mutarotation 
rate could become a limiting factor. 
Other factors which need to be controlled are the temperature, 
solubility, saturation level, and hydrogen ion concentration of the 
solution. With control of these types of conditions one can effectively 
control the mutarotation of the lactose as well as the general 'atmo-
·spheric' conditions in which the crystals are being fonned. By 
controlling these formative conditions the shape and size of the 
crystal may be influenced into the form desired. 
Lactose Crystal Forms and Growth · 
10 
The form of lactose crystals generally harvested is the alpha-
hydrate form. This is because this form crystallizes out of solution 
first at tempiratures less than 93.5°C because of its solubility 
characteristics (11). Moreover, it is preferred because it is the ·most 
stable form in storage. 
Many apparently different forms of crysta 1 habit have been 
found in various dairy products (7,22). However, it has been determined 
these are all different shapes of the crystal habit which are caused 
by different conditions of crystallization. Essentially all of the 
shapes found are variations of a basic form of crystalline habit which 
is commonly termed a tomahawk (Figure 2) (37). 
The tomahawk is the standard habit for the alpha lactose crystal. _ 
Van Kreveld and Michaels conducted growth studies (18,36,37) showing 
this crystal generally grows in the +b axis direction with no· growth 
in the -b direction and only slight growth in the c direction at 
supersaturations greater than 120%. They found those faces which 
were most orientated to the b direction tended to grow the least, 
while those facing other directions grew until they faced the b 
direction and then ceased growth. The precipitation pressure and the 
ratio of actual concentration to solubility caused different growth 
rates on the various faces giving rise to the different shapes often 
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Figure 2. Tomahawk crystal of alpha-lactose. 
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found (7,22). 
Acknowledgi_ng the different shapes -of lactose crystals found in 
v~rious products. are but alternative shapes of the basic tomahawk 
form of the crystal habit, consideration has next been given to how 
these crystal shape~ are promoted or limited in their growth. Many 
additives and conditions are known to influence the rate of formation 
of the lactose crystals. 
Michaels and Van Kreveld (18) studied some of the influences 
caused by additives. Some of this report was covered previously when 
writing about mutarotation, so only a brief overview has been given 
here. They found addition of acids tended to promote crysta~ growth 
due to a lowered pH in the $Olution. Additions of alcohols also 
promoted crystal growth because of the change in solubility. Lactose 
is less soluble in alcohols and therefore crystallizes out of solution 
rapidly because it is present in amounts greater than the solvent mix-
ture can keep in solution. This is said to be accountable for only 
part of the mechanism of crystallization, according to Nickerson(22). 
He felt although tne solubility of the lactose is depressed by the 
alcohols, it does not appear to be depressed enough to account for 
the acceleration. "It is more 1 ikely that the effects are due to 
promotion of step-generation by adsorption of alcohol on the steps" 
(22). Nickerson also wrote, citing Michaels and Van Kreveld, that 
since alcohol addition promotes spontaneous nucleation of lactose 
crystals this nucleation may be another factor involved in the 
crystallization rate (22). 
Crystal growth is also promoted by some trace substances which, 
SOUTH DAKO ST ATE U VERSITY Ll B R 
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upon removal by recrystallization, tend to slow crystal growth. 
Spontaneous nucleation is also lowered ~pan repeated recrystallization, 
thus helping to substantiate the -fact that presence of some trace 
impurities is necessary for the promotion of rapid growth of crystals 
(38). 
When considering those additives or components of the solution 
which tended to have an inhibitory effect upon crystal growth rate, 
it was found some carbohydrates, especially those containing either 
a beta-galactosyl or 4-o-glucose group of lactose, would inhibit 
growth due to adsorption onto the surface binding sites of the crystal 
thereby causing those sites to become unreceptive to other carbohydrates 
because of variations in the surface binding sites (36). The carbo-
hydrate which was found to have the greatest retarding influence on 
the growth of alpha lactose was beta lactose, which will always be 
present in the solution due to the mutarotatory characteristics of the 
lactose. The retarding action is ascribed to the beta-galactosyl part 
of the beta-lactose molecule being the same as in alpha lactose, 
the·reby causing attachment to the crysta 1 site. However, crysta 1 
growth is · then impeded because the beta-glucose group of the molecule 
is foreign to the alpha lactose crystal structure (22). In a general 
statement on influences of additiyes, Nickerson wrote, "The retarding 
action of certain additives is more apparent in solutions where 
crystallization is slow (low supersaturation), since, under conditions 
of rapid growth, there is no time for the additive to be adsorbed on 
the surface of the crysta 1 . 11 (22) 
Knowing now that lactose crystal growth can be and indeed is 
influenced by additives or impurities in the solution as well as by 
mutarotation, temperature, pH, solution concentration (supersatura-
tion), and solubility, the theory of met~ods of crystallization has 
now .been presented as a background to the present experiment. 
Lactose Crystallization Theory 
Many theories have been presented on how compounds crystallize 
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and the one commonly referred to in lactose crystallization is a step-
propagation-geheration theory. This involves a concept of adsorption 
of the crystallizing substance onto the crystal face. The molecules 
will then link into the lattice in positions where the attractive 
forces are the greatest and will proceed in this step-wise buildup 
until the whole plane face is completed. Then before further growth 
can commence a new "centre of crystallization" must come into existence 
on the plane surface with the process beginning all over again. 
These surface step dislocations must be present in order for the crystal 
to grow ( 2 O ) . 
First, however, the initial crystal nuclei must be formed upon 
which growth can occur. This nucleation can be induced externally 
by agitation, mechanical shock, friction, extreme pressures, im-
purities to act as centers, or electrical shock. Nucleation can also 
occur spontaneously. This is thought to occur by a coagulation of 
the constituent molecule by a bimolecular addition, resisting the 
tendency to redissolve, until they become orientated into a fixed 
lattice; then growth of the crystal may occur. This may occur only 
in local regions of very high supersaturation and often these nuclei 
redissolve unless the nuclei pass a certain critical size after which 
they become stable under the average conditions of supersaturation 
(20). 
After nucle~tion, the subsequent .growth of any crystal depends 
upon the rate of transfer of the solute to the crystal surface and 
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th~ rate of orientation of these molecules at the surhce. These rates 
are controlled by the degree of supersaturation, the surface area 
available to deposition, and the diffusion rate to the crystal surface, 
which is dependent upon the viscosity, agitation, and temperature of 
the solution (22). 
Taking now the ideal model case for the crystallization of 
lactose from solution, the situation follows that in "a highly super-
saturated solution, the alpha-lactose will start crystallizing, which 
disrupts the equilibrium between the two lactose modifications; 
immediately beta-lactose is converted to alpha-lactose to re-
establish equilibrium, which is not altered by the whey salts. This 
conversion supersaturates the solution again with respect to the alpha-
form, and crystallization can continue" (3). This is the ideal case 
but is very rarely what would be found in an actual situation. 
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MATERIALS AND METHODS 
Experimental Procedure 
This experiment was conducted under industrial operating cond-
itions at Plant 2, First District Association, Litchfield, MN in 1983. 
The operation processes 907,029 k~lograms (two million pounds) of 
milk into stirred curd cheddar cheese daily, which results in 
approximately 726,000 kilograms (1 .6 million plus pounds) of whey to 
be processed i·nto whey protein concentrates and lactose powder 
(Figure 3). Whey and whey permeate samples were taken at six loca-
tions along the product flow route. Microscopic observations were 
made on product samples taken from the second effect of a triple 
effect rising film tubular evaporator and from the crystallizer tanks. 
Samples were also subjected to componential analyses in an attempt 
to correlate any changes in crystal sizes and numbers noted during 
observations with changes in composition. Operating conditions for 
all processes were also monitored to determine their effects. 
Sample Observation 
Samples were taken of the whey or whey permeate using a stain-
less steel dipper and were then placed in plastic vials. Four or five 
samples were composited into Whirl-Pak bags for sample componential 
analyses. 
For the crystallizer samples, observations were made -on each 
sample but only one final sample was kept for analysis after the crys-
tallizer tank was full. Microscopic observations were made each time 
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Figure 3. Flow diagram for whey -products at First District Association, 
Litchfield, MN. 
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samples were taken during the filling of a crystallizer tank. These 
observations involved using a hemacytometer slide with a cover slip 
to insure consistency in volume observed so results would be more 
representative than if taken on a fiat slide with no accounting fur 
area and depth of solution considered. All the crystals present in 
a 6 x 6 millimeter area were sized with the use of a calibrated 
ocular micrometer. Percentage distributions of crystal sizes in 
this area were estimated and assigned. Ranges used were less than 
twenty microns, 20-100 mi.crons, and greater than 100 microns. Those 
crystals greater than 100 microns in size were counted. Duplicate 
observations were made and averages recorded. Temperature and pH of 
the solution were also recorded with each observation. 
Sample Componential Analysis 
Total solids contents were obtained by two methods. In deter-
mination of solids during operating a refractometer was used. This 
could prove to be inaccurate at high solids levels, especially if 
there were any crystals present in the solution being observed, be-
cause of altered refractive characteristics. Final total solids 
values were by modification of AQAC procedure (1). Approximately 
1 .5 grams of the sample solution were weighed into a covered aluminum 
drying dish, evaporated to dryness over a steam bath, and then placed 
into a drying oven for 16 hat 60°C under 69cm vacuum. These condi-
tions were used because they were the conditions at which the vacuum 
oven was set for determination of moisture in commercial lactose powder 
at First District Association. Samples were then removed, covered 
tightly, placed in a desiccator, allowed to cool, and then weighed 
back. 
Crude protein was detennined by Kjeldahl tests for nitrogen, 
offi~ial A0AC procedure (1), on one gram samples. The nitrogen 
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va 1 ues obtained from the Kje1 dahl procedure were converted to pro-
tein by using the conversion factor 6.38 which is commonly used for 
milk products. V~lues were determined on 24 samples in duplicate 
to generate a standard curve for a regression equation. This re-
gression equation (Y= .0068 + l.6096x with an r2 = .83) was then 
used to convert values obtained on a Multispec™ {21) into values 
which could be considered as representative. Multispec™ is a brand 
. name for an infrared milk analyzer which has the capability of testing 
for fat, lactose, protein, and solids not fat in milk. The regression 
equations were generated in an attempt to provide a calibration for 
use with the lactose-containing whey permeate. Samples from the 
second effect of the evaporator, the finisher, and the crystallizer 
tank had to be diluted to obtain readings on the Multispec™ and 
this was taken into a~count. 
Lactose was determined by the method of Nickerson et al. (26). 
Results from the same 24 samples used in the protein procedure were 
used to develop a regression equation for the lactose to be used to 
convert the Multispec™ values to those actually used. The equation 
used was Y= .2398 + .4588x with an r2 = .9839. 
Fats were detennined by the Mojonnier procedure (1) for fat in 
whey. Samples from six pretrial runs were analyzed with no differences 
rea 1 i zed ( P ') . 05), therefore fat ana 1 yses were not performed on the 
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experimental samples. 
~sh values were ascertained only on the crystallizer samples 
as these were the samples to which the crystal observations were to 
be correlated. Ash contents were found by adding a two gram sample 
to a 50ml glazed ceramic crucible. Crucibles were then heated over 
a steam bath to volatilize most of the free moisture. Samples were 
then subjected to.heating on a hot plate to just char the sample, 
care being taken io avoid any spattering of the sample. Samples 
were ashed at 500°C overnight and allowed to cool in the muffle 
furnace. . This was not sufficient for complete removal of carbon, 
samples were still gray; so samples were then dissolved in one ml of 
concentrated nitric acid. After dissolving they were brought to 
dryness on a hot plate and then reashed overnight at 500°C, allowed 
to cool, and weighed to determine ash weight. Percentage of .ash 
could then be computed. 
For determination of minerals the ash samples were next redis-
solved in one ml of concentrated HCl and diluted to 100 ml with dist-
illed water in 100 ml ·volumetric flasks (acid rinsed). Crucibles 
were rinsed at least four times during transfer to insure transfer 
of all material. Calcium, Mg, Na, and K values were found by atomic 
absorption spectrophotometry. Analysis for phosphorus was by the 
method of Morrison (19). Morrison's method entails the formation 
of a molybdenum blue complex with the phosphorus present in the 
sample. The complex shows maximum absorption at 820 nm, so this wave-
length was used to measure the absorbance value for the c~mplex 
formed. A standard curve was also determined with known quantities 
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of phosphorus so the sample value could be fitted to the curve 
to gtve a conversion from absorbance val~es to percentages of 
phosphorus present in the sample. For Ca and Mg 0.5 ml of the above 
dilut~d acid ash solution was diluted to 10 ml with 0.5% lanthanum 
solution. Sodium and K were measured by taking 200 ul from the 
diluted acid ash solution ·and diluting to 10 ml with distilled water. 
A Perkin-Elmer Model 503 Atomic Absorption Spectrophotometer was used 
for mineral determinations. Calcium was read at a wave-length of 
422.7 nm, Mg was read at 285.2 nm, Na was read at 589 nm, and K was 
read at 766.5 nm. All values were read using three second inter-
grations on the spectrophotometer to obtain stable values. Na 
samples were further diluted using 3 ml from the original 10 ml and 
diluting again to 10 ml to receive values in an acceptable range on 
the atomic absorption spectrophotomoter. 
Statistical Analyses 
Statistical Analysis Systems (SAS) proceudres were used to 
analyze the data (30). The experimental design involved two separate 
experiments; one on solids level, one on temperature changes. In 
each experiment three treatments and a control were applied with 
three repetitions each to achieve desired significance (31). 
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RESULTS AND DISCUSSION 
Operating Conditions· 
Processing conditions were altered in this study to determine 
which sets of conditions would optimize lactose crystal growth. Since 
the experiment was performed with changes in two different sets of 
dependent variables, it has been treated as two separate experiments. 
The treatments applied in Experiment ·1, which dealt with vari-
ations in operating temperatures in a tri.ple effect rising film 
tubular evaporator, are presented in Table 1. This experiment was 
run under industrial operating :condi'tions; the amount o·f r:compliance 
with specified experimental conditions varied among the four shift 
operators as well as with contingencies that arose on each given shif~. 
As a result, actual operating conditions for the temperature experi-
ment did not hold exactly to the desired operating conditions; however, 
the largest variance for any one value was 6.5% on th~ second effect 
of the evaporator in Treatment 3 in which temperatures in the two 
preheaters were inverted. With this variation in the applied treat-
ments being considered, the treatments were accepted for analysis in 
this form. 
Analysis of variance performed by the analysis of variance proc-
edure from Statistical Analysis Systems determined the treatments 
applied were in fact different. These analyses of variance data 
are presented in Table 2. Data in Table 2 show there was significant 
variability (P< .05) among the treatments applied via the first, second, 
and third effect temperatures. No significant variability was shown 
TABLE 1. Temperature treatments applied to whey permeate during concentration 
Treatments 
Control Low3 4 w h5 Invert 1g 
Desired1 Actual 2 Desired 1 Actual 2 Desired1 Actual 2 Desired 1 Actual 2 
0 
-------------------------------------------------------- C -----------------------------
1st Effect 78.8 79.3b 76.6 79.ob 78.8 81.6a,b 85.0 82 .Sa 
2nd Effect 60.0 60.ab,c 60.0 59.5c 65.6 61.2a,b 64.6 62. 5a 
3rd Effect 47.8 48.7a,b 44.4 47 .1 b 47.8 48.4a,b 51. 1 49.9a 
1st Preheater 73.9 72.4a 73.9 73.9a 71.1 72.5a 75.6 a -75. 1 · 
2nd Preheater 71. 1 10.7a 71. 1 68.6a 73.9 71.aa 72. 2 71. 7a 
l D • d • es1re operating temperatures. 
2 
Means of actual temperatures applied from 3 replicates. 
3Temperatures desired were lower than control. 
4Preheater temperatures inverted with consequent rise in temperature in 1st and 2nd 
effects vs. control temperature in those effects. 
5A11 temperatures elevated from control. 
a,b,cMeans with like superscripts in the same line across are not different (P( .OS). 
Those with different superscripts are different. 
N 
V, 
TABLE 2. Analysis of variance of unit temperature treatments applied to whey permeate during 
concentration. 
Processing pofnt at Source df Analysis of F. Value Probab i 1 i ty for 
which treatment was variance SS greater F value 
aeelied 
96.93 6.21 * 1st Effect TRT 3 .0286 
REP 2 34. 61, 3.33 • 1067 
2nd Effect TRT 3 44.82 * 7.39 .0194 
REP 2 3.43 ·0.85 .4733 
3rd Effect 40.07 6.60 * TRT 3 .0250 
REP 2 1.26 0. 31 .7442 
1st Preheater TRT 3 45.79 1.60 .2845 
REP 2 3.89 0. 20 .8205 
2nd Preheater TRT 3 64.35 1.62 .2821 
REP 2 45.30 1. 71 • 2591 
* p ,.os. 
N 
O'\ 
for the first and second preheater temperatures as applied. There 
were also no significant variations within repetitions of a single 
treatment on any of the five temperatures which were being altered 
for the respective treatments. 
Experiment 2 invoived altering the final total solids levels 
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from a control standard range of 60-62% TS. The solids levels desired 
were 51,54,57, and 60% TS (control). The actual solids levels 
achieved compared to desired solids levels are shown in Table 3. 
Solids Treatment 2 (Low) _was slightly lower than the desired 51%, but 
this set of values was accepted. Differences between the finisher tota1 
solids and crystallizer total solids levels can generally be ex~lained 
by the fact the finisher total solids readings were taken as a mean of 
5 or 6 observations made by the operator on a refractometer whereas 
the crystallizer values were obtained by vacuum oven procedure from 
a single sample obtained after the crystallizer tank was filled each 
time. 
Analysis of variance was run on data from Experiment 2 to deter-
mine if applied treatments were different. These results are in Table 
4. It appears from these analyses of variance results there were marked 
vari at i ans among so 1 ids 1 evel s ( P <. • 05). However, whe·n using the 
Wall er-Duncan Test (31) for variability of the means of actual sol ids 
levels shown in Table 3, it was _shown crystallizer total solids in 
Treatments 3 (Medium solids) and 4 (High solids) did not differ 
(P <. .05); but sol ids were different (P< .05) in the finisher 
application; so they were assumed to have been different treatments in 
later analyses. Tables containing the actual mean values for all 
TABLE 3. Desired and actual whey permeate solids lev~ls during processing. 
Treatments 
Cont ro 1 Low Hedi um Hi2h 
. 1 2 1 2 1 2' . 1 2 Desired Actual Desired Actual Desired Actual Desired Actual 
------------------------------------- %TS -----------------------------
Evaporator 48 47.59a 51 48.47a 46 46.56a 48 47.47a 
Finisher 60 59.66a -- -- 54 55.84b 57 58.52a 
Crystallizer 60 59. 12a 51 48.57c 54 54.66b 57 56.25b 
1Desired total solids at %TS. 
2Heans of actual TS levels from 3 replications. 
a,b,cHeans with like superscripts in the same line across are not different. Those with 
different superscripts are different (P ~.OS). 
N 
00 
TABLE 4. Analysis _of variance of unit solids levels among processing stages. 
Stage Source df 
Evaporator TRT 3 
REP 2 
Finisher TRT 2 . 
REP 2 
Crystallizer TRT · 3 
REP 2 
* P <... 05. 
**P<. .01. 
Analysis of 
variance SS 
5.50 
1.97 
23. 10 
7.31 
178.46 
3.43 
F value 
0.91 
o.49 
9. 51 
3.01 
29.06 
o.84 
Probability of 
greater F value 
.4898 
.6358 
* .0302 
. 1594 
.0006 ** 
.4772 
N 
\.0 
operating conditions are presented in the ~ppendix. 
·As indicated above, all the treatments which were applied in 
both experiments were assumed to have been sufficiently different 
than ·each other that conclusions as to the effects of individual 
treatments could be formulated satisfactorily. Conclusions reached 
are listed and explained in the following sections. 
Crystal Measurements 
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As described in the Materials and Methods section, concentrated 
whey permeate samples from crystallizer tanks were observed micro-
scopically and crystal measurements and percentages of size ranges 
were recorded. The means of the percentage distributions of crystal 
sizes under the temperature variation experiment are listed in Table 
5. The only differences (P< .05) in crystal sizes observed shown by 
the Waller-Duncan K-ratio t-test were differences between Treatment · 
3 (inverted) and Treatments 2 (low temperatures) and 1 (control) for 
percentages of crystals formed less than twenty microns in size. How-
ever, this difference is statistically unexplainable because the numbers 
from Treatment 3 with preheater temperatures reversed were not shown 
to be different than those in the control (P< .05). There was a de-
finite trend towards a difference, and the treatments were set up to 
be different; but statistical analysis of actual numerical data did 
not show them different ( P <. • 05). 
There also appeared to be trends in concentrated permeate from 
inverted and high temperature treatments of greater percentages of 
crystals over 100 microns in size; but these percentages were not 
TABLE 5. Hean values 1 for crystal size distribution follc:Ming four temperature treatment 
combinations in preheaters and evaporator. 
2 Control 2 Low 
Treatments 
2 Invert High2 
---------------- Number of crystals ---------------------
Observations of 
lactose crystals 
over 100 microns 
Crystals less than 
20 microns 
Crystals 20 to 100 
microns 
Crystals greater 
than 100 microns 
24.ooa 
59.33a 
23.33a 
17. 33a 
1Heans for 3 replications 
21. ooa 144.ooa 183.00a 
% of TS 
65.00a 23.33b 36.67a,b 
20.o·oa 31. 67a 21.67a 
15.00a 45.00a 41.67a 
2Temperature treatments appl led as in >Jab le 1 with. temperatures generally below (Low) 
or above (High) control temperatures or with preheater temperatures reversed (Invert). 
a,bMeans with like superscripts in the same row across are not different. Those with 
different superscripts are different (P(.05). 
w 
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shown to be different because of too large a minimum significant 
diff~rence value for the Waller-Duncan test. The coefficient of 
variability for this factor was 64.8% with a range from Oto 80% 
over .all the observations taken. With this large variability it 
was not possible to make any conclusive statements about the effect 
of temperature treatment on fonnation of crystals greater than 100 
microns in size •. 
For the solids level experiment the mean values for the crystals 
observed are listed in Table 6. No values showed differences 
(P < .05); but there appeared to have been a positive trend toward 
occurrence of larger crystals at the lower solids levels. This does 
not explain why the highest solids level had more crystals than the 
57% solids level. This may have resulted from better operator control 
being exhibited for the control high solids treatment. The co-
efficient of variability was so large for all four dependent variables 
that. statistical significance of differences could not be shown. 
Sample Analyses 
The lactose-containing concentrated whey permeate samples were 
analyzed for total solids, protein, lactose, and ash. Fat was not 
tested for due to lack of variability among samples tested in six 
pretrial runs. Only the analytical values obtained from the crystal-
lizer samples were subjected to statistical analysis. The mean treat-
ment values for each experiment are presented in the Appendix along 
with actual analytical means and equations for conversion of Multispec™ 
values. There were no significant variations (P( .05) attributable to 
TABLE 6. Mean values 1 for percentages of crystal size ranges as affected by solids levels. 
Observations of 
1 actose crystals 
over 100 microns 
Crystals less than 
20 microns 
Crystals 20 to 100 
microns 
Crystals greater 
than 100 microns 
2 Control 
Sol ids Levels . 
2 Low Medium2 High 2 
---------------- Number of crystals -------------------
l17.33a 226.67a 219.00a 86.ooa 
--------------------- % of TS--------------------------
38.33a 17.33a 31. 67a 53.33a 
21. 67a 30.00a 23.33a 18. 33a 
40.00a 52.67a 45.00a 28.33a 
aMeans with like superscripts in the same row across are not different (P(.05). 
1 Mean values for 3 replications. 
2Mean total solids levels of 59. 12, 48.57, 54.66, and 56.25%, respectively as in 
Table 3. w w 
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temperature treatment in any of the samples_' results. In the solids 
level experiment, v~riations (P( .01) among treatment values were 
shown for both total solids and ash. Table 7 shows the relative 
stability of the components in the whey, inferring the product being 
processed and sampled was treated consistently. Changes in the total 
solids levels seemed to correlate with the content of ash in the 
sample. This did not seem realistic, because one would think all 
components would vary the same amount to keep stable percentages 
among treatments. The data as presented appeared to indicate some 
error could have been incurred in analyses for protein and lactose 
and the subsequent conversion to actual values by regression 
equations from the Multispec™ values. 
Analyses for Specific Minerals 
Analyses for specific minerals were undertaken mainly to see if 
any correlation could be established between amounts of any specific 
mineral and the crys~al size measurements. Actual mineral compositions 
of the samples have been given in the Appendix as averages of duplicate 
readings taken on the samples. Analysis of variance of contents of 
the five major minerals in whey (sodium, calcium, magnesium, potassium, 
and phosphorus) indicated no variations ( P (.05) in mineral levels 
in the concentrated whey due to ·temperature treatments. In the 
solids experiment the outcome : was different. As indicated above in 
the Sample Analysis section, as the total solids level was altered 
(P< .05) so too was the ash content. Since the minerals comprise 
this ash component they too were shown to vary (P< .05) with the 
TABLE 7- ronstituent levels in concentrated whey permeate sample from different solids levels. 
Analysis 
Total Solids 
Protein 
Lactose 
Ash 
So 1 ids Leve 1 s 
. 1 
Control 1 Low 
------------------------
59. 12a 48.57c 
2.29a 2.72a 
,39.25 a 39.63a 
].12a 5.31c 
% 
1 Hedi um High 1 
------------------------
54.66b 56.25b 
2.25a 2. 10a 
41. 68a 40.25a 
6.14b 6.68a,b 
a,b,c,Means with like superscripts In the same row across are not ~tfferent. · Means with 
different superscripts are different (P(.05). 
1Mean total solids contents of 59.12, 48.57, 54.66, and 56.25% respectively. 
\,,.) 
u, 
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total solids level. According to analysis of variance (Table 8) 
only the phosphorus did not vary (P ~.05). This might have been due 
to the different method of analysis used for its detennination. In 
view of this mineral data, it can be · generally stated the mineral 
composition in the whey varied directly with the total solids levels. 
The minerals were also shown to have a definite correlation with the 
pH of the solution, as would be expected because of their varying 
ionic activities. 
Correlations 
The correlations presented in Tables 9 and 10 compare crystal 
· measurements to operating conditions, sample analysis, and mineral 
composition, regardless of experiment. As expected, the pHs of the 
crystal solutions were highly correlated with the total solids and 
mineral compositions of the samples (Table 9). In all cases 
correlations were negative and greater than 55%, with a probability 
of a greater value. 
The mean finisher total solids, crystallizer solids, and ash 
values correlated at greater than 50% with the percent of crystals 
less than 20 microns (P< .01) (Table 10). When the relationships be-
tween the number of lactose crystals over 100 microns (NOOOH) and other 
operating conditions were calculated, it was found the finisher 
operating conditions had a relatively high correlation with the NOOOH. 
Of those variables 1 isted, only the separator temperature on the 
finisher had less than 50% correlation to the NOOOH. The low pro-
babilities of greater values for correlations showed the data may 
TABLE 8. Analysis _of variance of minerals contents in concentrated whey permeates of 
different solids levels. 
Mineral Source df Analysis of F Value Probability of 
variance SS greater F va 1 ue 
Sodium TRT 3 .6466 5.64 * .0392 
REP 2 . 1284 1.68 .2634 
Calcium TRT 3 .0749 ** 17.25 .0024 
REP · 2 .0002 0.01 -9357 
Magnesium TRT 3 .0028 31. 36 ** .0005 
REP 2 .0001 0.95 .4370 
Potassium TRT 3 5. 1063 5.48 .0374 * 
REP 2 .5252 0.85 .4749 
Phosphorus TRT 3 5.5199 ** 20.55 . . 0015 
REP 2 .6189 3.46 . 1003 
* P <. • 05. 
** p ( .01. 
w 
....... 
TABLE 9. Correlations of selected operating conditions and componentlal analysis. 
pH 
Probability 
No. observations 
Ash 
Probability 
No. observations 
Crystals less than 
20 microns,% 
Probability 
No. observations 
Crystal 20 to 100 
microns, % 
Probability 
No. observations 
Conditions and components 
Tota 1 so 1 ids % Na Ca Mg K p Ash 
------------- Correlation coefficients ----------------------------
- -. 8049 
.0001 
24 
.8298 
.0001 
23 
Mean Finisher 
Tot a 1 so 1 i d s 
-.6600 -.7594 
.0006 .0001 
23 23 
.7825 .5826 
.0001 .0036 
23 23 
To ta 1 so 1 I d s % 
-.7481 -.6950 -.5408 -.7203 
.0001 .0002 .0077 • 0001 
23 23 23 23 
.5698 .7922 .4836 1 • 0000 
.0046 .0001 .0194 .0000 
23 23 23 23 
Ash 
------------- Correlation coefficients------------------------------ . 
.6029 
.0037 
21 
Ultrafiltration pH 
.5308 
.0076 
24 
Protein 
.5841 
.0035 
23 
-------------- Correlation coefficients------------------------------
-.5282 
.0080 
24 
.5498 
.0054 
24 
w 
00 
TABLE 10. Correlations of selected operating conditions and componential analysis with number 
of crystals observed greater than 100 microns and percent of crystals greater than 100 microns. 
Hean finisher 
total solids 
Conditions and components 
Hean separator 
temperature 
Hean chest Hean 
temperature vacuum 
. 1 
% Total % Ash 
so 1 ids 
------------------- Correlation coefficients -----------------------
Number of observations 
of lactose crystals 
over 100 microns -.6868 .4796 -.5651 -.5526 -.5556 -.6349 
Probability .0006 .0278 .0076 .0094 .0048 .0012 
No. observations 21 21 21 21 24 23 . 
Crystals greater than 
100 microns,% - . 7250 . 3027 -.6050 -.4603 -.5526 -.6040 
Probability .0002 . 1824 .0037 .0357 .0051 .0023 
No. observations 21 21 21 21 24 23 
1rota1 solids by oven determination. 
\,/.) 
\.0 
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be used to develop conclusions. 
In. the case of crystals 20 to 190 microns a different situation 
evolved. In this case the highest correlations were found with the 
pH on· the ultrafiltration (UFpH) unit and the protein content. The 
UFpH was negatively correlated at 53% with an .008 probability of a 
higher value. The protein content was correlated at 55% with a .005 
probability of greater values (Table 9). This posed a new idea ·as 
to what may govern the intermediate sized crystals in their formation. 
However, further investigation of this phenomenon is needed under more 
controlled conditions before any positive conclusions can be drawn. 
For the percent of crystals greater than 100 microns the same 
· variables as those correlating to number of lactose crystals over 
100 microns were shown to have some correlated effect. These values 
are included in Table 10. It appeared the total solids levels, 
especially of the finisher, tended to be highly correlated with the 
percentage of crystals greater than 100 microns in size. Because 
the correlation was negative it would seem to indicate as the tot.al 
solids levels increase the number of lactose crystals of 100 microns . 
or larger would tend to decrease approximately 70% of the time. 
SUMMARY 
This· project was undertaken to determine if any conclusions 
coul~ be drawn about operating conditions and total solids levels 
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which might help to improve the recovery of lactose from ultrafiltrated 
whey permeate. Two separate types of variable conditions were applied 
in separate experjments. The first dealt with changes in temperature 
levels in preheat~rs and effects of a triple effect rising ··film 
tubular evaporator and the second dealt with altering the final 
total solids level of the product entering the crystallizer tanks. 
In the temperature variation experiment it was shown there . 
was a significant variation in· the percentage of lactose crystals 
formed which were less than 20 microns. This variation was observed 
between inverted preheater tanperature treatment vs. lowered tempera~ 
ture and control temperature treatments. The inverted preheater 
temperatures, with higher temperature of the penneate achieved in 
the second rather than the first preheater as in control and. other 
treatments, also tended to produce a higher percentage of larger 
crystals. The reasoning behind the application of inverted preheater 
temperatures in comparison to the control was that i"nversion of the 
preheater temperatures would place a greater amount of evaporative 
energy upon the solution further into the run and thereby reduce the 
possibility of spontaneous 1ucleation and seeding out of the lactose 
crystals, since supersaturation of the lactose in the concentrated 
whey permeate would be less with higher temperatures. In the actual 
experiment the control of the preheater temperatures was not suffi-
cient to allow the preheater temperatures applied in this treatment 
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to be different ( P <. • 05) than those from the 'high' ·temperature treat-
ment. . However, there was a difference at P < . 08. 
In the solids variation experiment the operating temperatures 
were ·not altered but the total solids contents of the solutions were 
changed. That too resulted in different degrees of supersaturation 
of the lactose which should have caused some variation in the rate 
and size of crystals formed. The experiment was designed to have a 
percentage of solids difference of 5 between the solids levels 
desired. This resulted tn a desired num~rical :difference of .JI · 
(51,54,57, and 60%}. In the trial this did not hold true as the percen-
tage differences between the penneate concentrates when 54 and 57% 
solids were desired ended up only 2.9%. This is calculated from a 
numerical difference of 1 .59 when 3.0 was desired. Therefore, the 
54 and 57% solids levels were not different (P{.05}. This was based 
on the data obtained from the total solids values detennined by 
vacuum oven procedure. The evaporator operators measured the total 
solids by use of a refractometer; any crystal formations in the 
solution could have changed the refractometer readings, so it has been 
assumed the operators did attempt to apply the treatments as de-
signed. Therefore, though not statistically substantiated,' a further 
conclusion has been drawn with the assumption that the solids percen-
tages were in fact different. .From that perspective, there was a 
definite trend towards growth of larger crystals at lower solids 
levels. Because of variabil _ity in the readings and lack of verified 
difference between the 54 and 57% solids treatments no other veri-
fiable conclusions could be made. 
When correlations among the variables in the experiment were 
computed, no interr~lationships were sho~n between crystal measure-
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.. ments and evaporator operating conditions. There were correlations 
(P< .05) between finish~r operating conditions and crystal measure-
ments. Mineral and ash values were . highly correlated ( P< .01) with 
pH and total solids levels; the latter would be logical because 
higher mineral content would have been a part of higher total solids 
and minerals would have a direct effect upon the pH of the solution. 
CONCLUSIONS 
From the data as presented, the following conclusions were 
·· formed. The writer feels the conclusions were substantiated by 
information about lacto·se crystallization cited in the Literature 
Review. 
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1). The exp~riment with temperature variations tended to show 
by increasing the operating temperatures an increase in crystal size 
could be obtained. This could be based on the theory of Jelen (13) 
that "the crystallization velocity of lactose is accelerated by 
increasing temperature up to 50°C or more, provided that adequate 
supersaturation is maintained. At higher tenperatures, the same 
crystallization velotity can be achieved with much lower relative 
I 
supersaturation than at lower temperatures." The tendency for fewer · 
small crystals was because with lower supersaturation at h.igher temp-
atures there was a lowered possibility for spontaneous nucleation 
of the solution. Therefore, there would have been fewer crystal 
centers per unit volume of solution; those would have grown to a 
larger size because the solution was sti .11 supersaturated and there 
would have been alpha lactose present beyond the level of solubility. 
that alpha lactose would have been available for adsorption onto 
the existing crystal surfaces and would have deposited in order for 
the solution to stay at equilibrium. 
2). This same theory of supersaturation levels being lowered 
would hold for the results of using variations in solids levels. With 
lower overall total solids in the crystallizer, the saturation levels 
of lactose would have decreased proportionately, because after the 
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ultra fi 1 tration. step no further components were removed except for 
water . . Therefore the ratio of lactose would become proportionately 
larger in a more concentrated solution. 
·3)_ Mentioned earlier (Correlation Section) was a new idea 
as to what may govern the size of the intermediate size crystals. When 
correlating the protein values for both experiments with that of the 
intermediate crystal range, a correlation coefficient of .55 was 
obtained with a probability of .0054 for a greater value. This was 
with 24 observations. This appeared to infer to some degree the level 
of protein remaining in the sample helped to govern the intermediate 
crystal size. No apparent reason could be found for this; but it is 
curious that the protein level correlated with anything at all, since 
it had a standard deviation of .294 from a mean of 2.289. This small 
standard deviation would generally indicate the value to be quite 
stable. If indeed the value was very stable and still correlated to 
the crystal measurements 55% of the time, it ma.y be valuable to study 
further the effect of the residual protein upon lactose crystal 
growth and why it seems to govern the intermediate sized crystals. 
4). Although the mineral data collected showed the presence of 
minerals was related closely to the total solids of the solution and 
had a great effect upon the pH of the solution, none of this data 
could be identified positively with effects which it might have had 
upon the crystal growth. It has been speculated by Jelen (13) and 
others that mineral salts may play an important role in acceleration 
or inhibition of crystal growth dependent upon concentration. At 
low concentrations the salts tend to increase crystallization velocity, 
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according to Jelen (13); but the exact mechanism for · this is still 
not wel.l studied. 
5). Much speculation could be done concerning effects of spec-
ific mineral salts, proteins, and carbohydrates on lactose crystal 
size and rate of fonnation; but without further study of whey 
permeate-1 actose crysta 11 i zation systems under more controlled 
conditions it wou1d be difficult to prove any theories which might 
be proposed. 
6). Finally, though not fully corroborated (P(.05), the fol-
lowing conclusions are made from results of the set of experiments. 
In the temperature variations the greatest improvement in size of 
lactose crystals, which should make their recovery easier and more 
efficient, was realized by using temperatures which increased the 
lactose solubility during time the permeate was being concentrated 
in the evaporator, to reduce seeding and spontaneous nucleation so 
fewer crystal centers formed and grew to a larger size. 
7). In the variation of solids, concentrated wheys with lower 
solids levels tended to develop larger crystals. This was effectuated 
because of less supersaturation of lactose in the concentrate. 
8). As far as any recommendations for improvement of lactose 
recovery in this commercial system, it would appear by increasing the 
thermal energy applied during concentration and not concentrating to 
high total solids levels there should be fewer problems with seeded 
and plugged evaporator effects, as well as an increase in overall size 
of lactose crystals in the concentrated whey permeate; so removal of 
the crystals by centrifugation should be mo-re efficient. The increase 
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in crystal size and ease of harvestability may be sufficient to 
offset ·the cost of higher energy input and a need for larger crystal-
lizer capacities because of lower total solids levels in the concen-
trated whey permeate. Actual yield data could not be detennined, 
so the feasibility of these changes could not be determined 
accurately. 
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APPENDIX TABLE 1. Average operating conditions for four temperature treatments of permeate -from 
ultrafiltrated whey duri·ng vacuum thermal concentration. 
Stage of Processing 
Replication First Second Thi rd First Second Evaporator Finisher 
Effect Effect Effect Preheater Preheater 
---------- Hean temperature °C ------------- ----Hean% TS 
Treatment 1 1 79.26 60.74 47.96 73·.79 71 • 21 48.3 61. 7 
Control 2 80.22 60.56 49.00 ]3.67 70.33 45.8 60.8 
3 78.49 61.03 49.05 69.61 70.56 47.0 60. 1 
- 79.32 60.78 48.67 72.36 10.10 47.3 60.9 X 
Treatment 2 1 79.35 59.07 47.32 73.61 70.37 47.8 58.2 
Low (Temper- 2 78.78 59.55 46.78 74.00 67.56 46.8 56. 1 
atures below 3 78.88 59.89 47. 11 73.89 67.89 47.6 59 1 
those of con-
tro 1) - 79.00 59.50 47.06 73.83 68.61 47.4 57.8 X 
Treatment 3 1 82.33 62.00 48.78 72. 11 74. 11 49.4 60.4 
Invert (Higher 2 82.46 60.79 47.86 71.03 73.89 48. 1 58.6 
temperatures 3 79.89 60.67 48.56 74.44 67.32 46.8 52.7 
desired in 2nd 
preheater) - 81.56 61. 15 48.40 72.53 71.77 48. 1 57.2 X 
Treatment 4 1 85.67 63.78 51.00 75.56 72. 78 47.8 61.2 
High (Temper- 2 82.44 62.56 50. 11 75.44 · 70. 22 47.6 54.8 
atures above 3 80.33 61.22 48.67 74.11 72.22 48.4 54.9 
those of con- V, 
t ro 1) - 82.81 62.52 X 49. 9'3 75.04 71. 74 47 .9 57.0 
APPENDIX TABLE 2. Average operating temperatures during four degrees of vacuum thermal 
concentration of permeat·e from ul traf i 1 trated whey. · 
Replication First Second Third First Second Evaporator Fin.isher 
Effect Effect Effect Preheater Preheater 
---------- Mean temperature °C ------------ ·. ---- Mean % TS ------
Treatment 1 1 . 80.67 60.67 48.44 , 74. 11 69.89 48.6 60.6 
Control 2 81.03 60.79 48.65 73.41 70.32 46.0 58.7 
(60% TS 3 80.00 61.01 49.26 71 • 11 73~33 48.2 59.7 
desired) -
X 80.57 60.86 48.78 72.88 71.18 47.6 59.7 
Treatment 2 1 80. 14 61.94 49.86 73.88 73. 19 49.0 
Low 2 80.56 61.22 49.33 73.88 71.22 49.6 
(51% TS 3 78.11 60.11 48. 11 74. 11 71.67 46.8 
desired) -
X 79.60 61. 09 49. 10 73.96 12.03 48.5 
Treatment 3 1 79.82 60.83 48.61 71.57 70. 18 45.7 56.9 
Medium 2 79.44 61 .00 49.00 72.89 67.89 45.8 55.4 
(54% TS 3 80.67 61.44 49.22 73.22 71.67 48.2 55.2 
desired) - 79.98 X 61.09 48.94 72.56 69.91 46.6 55.8 
Treatment 4 1 80.56 60.93 49.26 74.54 70.46 48.2 59.2 
High 2 79. 78 60.67 48. 11 73.78 69.22 46.4 56.2 
(57% TS 3 80.65 60.93 48. 15 75.37 70.28 47.8 60.2 
desired) -
X 80.33 60.84 48. 51 74.56 69.99 47.5 58.5 
V, 
N 
APPENDIX TABLE 3. Number of lactose crystals over 100 microns and percentages of lactose crystals 
in three size ranges in permeate from ultrafiltrated whey vacuum concentrated with four 
temperature treatments. 
Crystal size ranges 
_Rep 1 i cat ion (20 microns 20"'.:'100 microns ) 100 microns pH 
-------------- % ------------- --- Number --- --- % 
Treatment 1 1 45 30 19 25 4.86 
Control 2 78 15 8 7 4.96 
3 55 25 45 20 4.95 
-
X 59 23 24 17 4.92 
Treatment 2 1 85 5 20 10 5.00 
Low (Temper- 2 55 15 37 30 -5. 05 
atures lower 3 55 40 6 5 4.94 
than control) -· 65 20 21 15 5.00 X 
Treatment 3 1 35 35 125 30 4.87 
Invert (Higher 2 25 45 57 30 4.89 
temperatures 3 10 15 250 75 4.96 
desired in 
2nd preheater) x 23 32 144 45 4.91 
Treatmen.t 4 1 60 25 33 15 4.77 
High (Temper- 2 25 20 154 55 4.96 
atures above 3 25 20 362 55 5.02 
those of \.n w 
contro 1) - 37 X 22 183 42 4.92 
APPENDIX TABLE 4. Numbers of lactose crystals over 100 microns and percentages of lactose 
crystals in three size ranges in permeate from ultrafiltrated whey with four degrees of vacuum 
thermal concentration. 
Crystal size ranges 
Replication <.20 microns 20-100 microns )1·.00 microns pH 
-------------- % ------------- --- Number --- --~% 
Treatment 1 1 60 25 32 15 4.91 
Control 2 15 20 225 65 4.95 
(60% TS 3 40 20 95 40 4.97 
desired) - 38 22 117 40 4.95 X 
Treatment 2 1 10 30 280 60 5.20 
Low 2 22 30 245 48 5.42 
(51% TS 3 20 30 155 50 5.36 
desired) -
X 17 30 227 53 5.33 
Treatment 3 1 40 40 57 20 4.91 
Medium 2 35 20 190 45 5.02 
(54% TS 3 20 10 410 70 4.99 
desired) -· 32 23 219 45 4.97 X 
Treatment 4 1 75 10 21 15 4.91 
High 2 20 35 163 45 4.94 
(57% TS 3 65 10 74 25 4.9.6 
desired) V, - .::-
X 53 18 86 28 4.94 
APPENDIX TABLE 5. Mean 1 mineral contents of permeates from ultrafiltrated whey vacuum 
concentrated with four temperature treatments. 
Rep 1 i cat ion Na Ca Mg K. p Ash 
------------------ % -----------------
Treatment 1 1 
Control 2 1 26 . • 41 .09 3.83 .56 7.78 
3 1.18 .45 .09 3. 12 .87 6.76 
- 1.22 .43 .09 3. 12 .87 6.76 X 
Treatment 2 1 1.23 .27 .06 3. 15 .98 6.52 
Low (Temper- · 2 1. 15 -33 .07 2.85 .86 6. 12 
atures lower 3 1. 10 .52 . 11 3.05 1. 15 6.67 
than con t ro 1 ) -
X 1. 16 .37 .08 3.02 1.00 6.44 
Treatment 3 1 1.08 .47 • 10 3.52 1.07 6.85 
Invert (Higher 2 1. 17 .44 .09 3. 19 1.23 6.85 
temperatures 3 1.00 -39 .09 3.05 .74 6. 16 
desired in 
2nd preheater) - 1.08 .43 .09 3.25 1.01 6.62 X 
Treatment 4 1 1. 19 . 51 .10 3.17 1.06 6.74 
High (Temper 2 1.01 .47 . 10 2.97 .64 6. 14 
atures above 3 1.02 .44 .09 3. 10 .76 5-99 
those of 
control) - 1.07 .47 X • 10 3.08 .82 6.29 
1Means of duplicate determinations. 
V, 
V, 
APPENDIX TABLE 6. Mean 1 mineral contents of permeates from whey with four degrees of vacuum 
thermal concentration. 
Rep 1 i cation Na Ca Mg K p Ash 
------------------ % ------------------
Treatment 1 1 1.02 .47 .09 2.72 .97 7. '16 
Control 2 1.28 .53 . 11 3.41 1.28 7.25 
(60% TS 3 1. 17 .48 . 10 3. 19 1.06 6.98 
desired) -
X 1. 16 .49 . 10 3. 11 1.-10 7. 13 
Treatment 2 1 .38 . 31 .06 1.04 .91 5.35 
Low 2 1.01 .27 .06 2.70 .61 5.57 
(51% TS 3 .32 .26 .05 .92 .64 5.02 
desired) - · 
X .56 .28 .06 1.55 .72 5.31 
Treatment 3 1 1. 10 .46 .09 3.09 1. 17 6.68 
Medium 2 1.01 . 4 3 .09 2.83 .84 6. 19 
(54% TS 3 .92 .44 .09 2.70 .64 5.55 
desired) - 1.01 .44 X .09 2.87 .88 6. 14 
Treatment 4 1 1.20 .38 .08 3.29 .98 7. 14 
High 2 1. 11 .42 .08 2.92 .96 6.36 
(57% TS 3 1.03 .so .09 3.23 1.07 6.56 
desired) -
X 1.11 .43 .08 3.15 1.00 6.69 
1Means of duplicate determinations. V, 
"' 
APPENDIX TABLE 7. Total solids and major .constituent contents of permeates from ultrafiltrated 
whey vacuum concenirated with four temperature treatments. 
Rep 1 I cat I on Total 1 Lactose 2 Protein 3 Ash 
solids 
----------- % of total solution-------------
Treatment 1 1 60.24 42 .. 18 2.07 
Control 2 56.87 42.27 2.39 7.78 
3 57.22 39.76 2.23 6.76 
Treatment 2 1 59.40 43.35 2. 34 6.52 
Low (Temper- 2 55.77 36.81 1.77 6. 14 
atures lower· 3 57.64 39.28 2.35 6.67 
than control) 
Treatment 3 1 58. 12 42.22 2.53 6.85 
Invert (Higher 2 59.39 41. 06 2.57 6.85 
temperatures) 3 51 • 21 37. 16 2. 11 6. 16 
Treatment 4 1 58.53 42.83 2.20 6.74 
High (Temper- 2 54.94 37.41 2.30 6. 14 
atures abov-a 3 54~08 36.51 2.00 5.99 
those of control) 
1 Vacuum oven procedure. 
2From Multispec™ readings, using equation Y=.0068 + l.6096 (multispec reading) r2=.83. 
3From Multispec™ readings, using equation Y=.2398 + .4588 (multispec reading) r2=.9839. 
\Tl ...... 
APPENDIX TABLE 8. Total solids and major constituent contents of permeates from ultrafiltrated 
whey with four degrees of vacuum thermal concentration. 
Replication Total 1 Lactose 2 Protein3 Ash 
so 1 ids 
------------ % of total solution ---~--------
Treatment 1 1 58.62 · 38.07 2.21 7. 16 
Contro 1 (60% 2 59. 12 37.30 2.30 7.25 
TS desired) 3 59.63 42. 51 · 2.36 6.98 
Treatment 2 1 50. 12 33.25 2.66 5-35 
Low (51% TS 2 50.06 44. 15 2.82 5.57 
desired) 3 45.54 41 .49 2 .'69 5.02 
Treatment J 1 55.07 40.26 2.85 6.68 
Medium (54% 2 54.91 40.78 1.77 6. 19 
TS desired} 3 54.00 .44. 00 2. 12 5.55 
Treatment 4 1 56.72 40.31 2.26 7. 14 
High (57% 2 55.57 34.83 2. 18 6.36 
TS desired) 3 56.45 45.62 1.87 6.56 
1 Vacuum oven procedure. 
2From Multispec™ readings, using equation Y=-.2398 + .4588 (multispec reading) r2=.9839. 
3From Multispec TM readings, using equation Y=.0068 + 1.6096 (multispec reading) r2=.83. 
V, 
00 
